The immunogenicity and protective efficacy of recombinant lumazine synthase from Brucella spp. (rBLS) administered with different adjuvants was evaluated in mice. Mice were immunized with rBLS in the absence or the presence of aluminum hydroxide gel (BLS-Al), monophosphoryl lipid A (BLS-MPA), or incomplete Freund's adjuvant (BLS-IFA). rBLS per se induced a vigorous immunoglobulin G (IgG) response, with high titers of IgG1 as well as IgG2. All the adjuvants increased this response; the BLS-IFA formulation was the most effective at inducing BLS-specific IgG antibodies. In addition, after in vitro stimulation with rBLS, spleen cells from BLS-IFA-, BLS-Al-, or BLS-MPA-immunized mice proliferated and produced interleukin-2 (IL-2), gamma interferon (IFN-␥), IL-10, and IL-4, suggesting the induction of a mixed Th1-Th2 response. Immunization with rBLS protected mice against challenge with B. abortus 544. The levels of protection in the spleen were similar for all adjuvants, but only BLS-Al and BLS-IFA were effective in the liver. Our results indicate that BLS might be a useful candidate for the development of subunit vaccines against brucellosis, since it elicits antigen-specific cellular responses, with production of IFN-␥ and protection, independently of the adjuvant formulation used.
Brucella abortus is a gram-negative, facultative intracellular bacterium that infects cattle and humans, provoking abortion and infertility in the former and undulant fever, endocarditis, arthritis, and osteomyelitis in the latter (37) . Because of the serious economic and medical consequences of brucellosis, efforts have been made through the use of vaccines to prevent the infection (26) .
In many countries, the control of bovine brucellosis is organized on the basis of vaccination with live attenuated B. abortus strain 19. Although efficacious, this vaccine has some disadvantages, such as the ability to cause disease in humans, the possibility of causing abortion when administered to pregnant cattle, and the diagnostic difficulty of distinguishing field infections from vaccinated animals (since the vaccine induces anti-O-polysaccharide side chain-specific antibodies) (7) . While the latter concern has been solved with the development of rough strains (31) 11-12 December 1997) .
In contrast, killed vaccines are noninfectious but they are considered less efficacious than live ones at inducing protective immunity against intracellular pathogens. In addition, with whole-microorganism vaccines, the regulatory requirements for the exact specifications of vaccine composition and for the mechanisms to obtain immunity are difficult to meet. In this respect, recombinant subunit vaccines have numerous advantages: they are completely inert, their compositions are predetermined, their production can be better controlled, and their homogeneity is much higher. However, the success of these vaccines depends on the selection of the right antigen(s), adjuvant(s), and delivery system(s). By optimization of these factors, the immune response can be tailored against a specific pathogen (23, 35) . Immunity against Brucella requires cell-mediated mechanisms (3, 4, 13) . In particular, Th1 immune responses characterized by production of gamma interferon (IFN-␥) are associated with protective immunity to Brucella (15, 24, 38) . These responses are best stimulated by live vaccines or potentially by multiple injections of appropriate protective antigens in the presence of adjuvants which favor cell-mediated immune mechanisms. The difficulty is that few effective candidate antigens have yet been identified.
Numerous cell surface and intracellular components have been assessed as protective antigens. Until now, significant activity has been identified for only a few antigens: the L7/L12 ribosomal protein (28) , the Cu-Zn superoxide dismutase (33), a 22.9-kDa protein (11) , and the cytoplasmic protein p39 (2) . While the protection afforded could be improved using a multiple subunit vaccine, it also remains possible that a more effective antigen or a better adjuvant might lead to protection with a monovalent subunit vaccine.
In previous reports, investigators have demonstrated that the Brucella lumazine synthase (BLS), first identified as an 18-kDa cytoplasmic protein present in all Brucella species (19) and later shown to fold as a pentamer (10) , is useful in the diagnosis of human and animal brucellosis (7, 8, 18, 19) . Recently, Velikovsky et al. have shown that the injection in mice of plasmid DNA encoding BLS induces a Th1-specific immune response and protection against B. abortus challenge (34) . In this study, we evaluated the immunogenicity and the protective efficacy of recombinant BLS (rBLS) administered in association with different adjuvants.
MATERIALS AND METHODS

Animals.
Female BALB/c mice (4 to 6 weeks old) (obtained from Instituto Nacional de Tecnología Agropecuaria, CICV, Castelar, Buenos Aires, Argentina) were acclimated and randomly distributed into experimental groups. Mice were kept in conventional animal facilities and received water and food ad libitum.
Bacteria. Escherichia coli strain BL21(DE3) was used as a host for the expression of rBLS and was routinely grown at 37°C in Luria-Bertani broth or agar supplemented, when required, with 100 g of ampicillin/ml. B. abortus strain 544 and B. melitensis strain H38S were grown in cultures in tryptose-soy agar supplemented with yeast extract (Merck, Buenos Aires, Argentina).
Cloning and expression of rBLS. rBLS was cloned, expressed in E. coli, and purified as previously described (34) . Purity was assessed by silver staining as reported elsewhere (10, 18) . The protein preparation contained less than 0.05 endotoxin units per mg of protein, as assessed using a Limulus amebocyte lysate analysis kit (Sigma, St. Louis, Mo.).
Adjuvants and preparation of immunogens. Aluminum hydroxide gel (Al) was kindly provided by Instituto Biológico Argentino S.A.I.C. An Al suspension (0.6 mg/ml) was mixed with rBLS and incubated for 30 min at room temperature. The Al-adsorbed antigen was washed, and the final pellet was resuspended in phosphate-buffered saline (PBS). Monophosphoryl lipid A (MPA) and incomplete Freund's adjuvant (IFA) (both from Sigma) were used according to the manufacturer's instructions.
Immunizations. Mice were immunized intraperitoneally (i.p.) with 10 g of rBLS in 200 l of PBS or a different adjuvant. Control mice were injected with PBS alone. Each mouse was injected at days 0 and 15. Sera were obtained at 15, 30, 45, and 60 days after the first immunization. Mice used as the positive control group in the protection experiments were subcutaneously immunized with 8 ϫ 10 8 heat-killed B. melitensis H38S bacteria in 200 l of IFA. For comparison purposes, a control group was immunized with a plasmid carrying the BLS gene, as previously described (34) . rBLS ELISA. Serum reactivities with rBLS were determined by indirect enzyme-linked immunosorbent assay (ELISA) as described previously (34) . The cutoff value for the assay of 20 sera from nonimmunized mice assayed at a 1:100 dilution was calculated as the mean specific optical density plus 3 standard deviations. Serum titers were established as the reciprocal of the final serum dilution to yield an optical density value higher than the cutoff value.
Stimulation of cytokine production. Spleen cell suspensions from immunized and control mice were prepared in RPMI 1640 (Gibco BRL, Life Technologies, Grand Island, N.Y.) supplemented with 2 mM L-glutamine, 100 U of penicillin/ ml, 100 g of streptomycin/ml, and 10% fetal calf serum (complete medium). Cells were cultured at 4 ϫ 10 6 cells/ml in duplicate with rBLS (5 g/ml) or concanavalin A (ConA) (2.5 g/ml) (Sigma). Cultures were incubated at 37°C in a humidified atmosphere (5% CO 2 and 95% air) for 24 h for cytokine gene expression or 48 h for cytokine secretion. At the end of the incubation, cells were centrifuged at 400 ϫ g at 4°C and processed immediately for RNA extraction and supernatants were aliquoted and stored at Ϫ70°C until assayed for cytokine production.
In vitro blastogenesis. Blastogenesis assays were performed in triplicate in round-bottomed microtiter plates (Nunclon; Nunc, Roskilde, Denmark). Splenocytes were grown in cultures at 2 ϫ 10 5 cells/well and stimulated with rBLS (5 g/ml) or ConA (2.5 g/ml) in a final volume of 200 l/well. Control cultures consisting of complete medium and cells were run simultaneously. Cultures were incubated at 37°C in a humidified atmosphere (5% CO 2 and 95% air) for 2 days (ConA) or 6 days (rBLS). At 18 h before harvesting, 1.0 Ci of [ 3 H]thymidine (ICN Pharmaceuticals Inc., Costa Mesa, Calif.) in 25 l of complete medium was added to each well. Cells were harvested onto glass-fiber mats, washed (using a harvester [Skatron Instruments Inc., Sterling, Va.]) with distilled water, and dried overnight at room temperature. The dried filters were placed into 3 ml of scintillation fluid, and radioactive incorporation was measured in a liquid scintillation counter (Beckman Instruments, Fullerton, Calif.). Results were expressed as stimulation index (S.I.) values (counts per minute of stimulated cultures divided by counts per minute of unstimulated cultures). S.I. values of Ͼ2 were considered to represent a specific response.
Detection of cytokine mRNA by semiquantitative RT-PCR. Reverse transcriptase-PCR (RT-PCR) for cytokine gene expression was performed as previously described (34) . Results were expressed in terms of severalfold increase over the mRNA levels of cells grown in cultures in the absence of antigen. Severalfold increases higher than 2 were considered to represent up-regulation of the investigated cytokine gene.
Cytokine ELISAs. Interleukin-4 (IL-4), IL-10, and IFN-␥ in culture supernatants were measured according to the instructions of the manufacturer (Phar-Mingen, San Diego, Calif.) by sandwich ELISA using paired cytokine-specific monoclonal antibodies.
Protection experiments. At 30 days after the last booster injection, mice were challenged i.p. with 4 ϫ 10 4 CFU of B. abortus 544. Mice were killed by cervical dislocation 30 days after being challenged, and their spleens and livers were removed aseptically. Each spleen or liver was homogenized in a stomacher bag, serially diluted, plated on tryptose-soy agar, and incubated for 4 days at 37°C with 5% CO 2 . The number of CFU per spleen or liver was counted, and the results were represented as the mean log CFU Ϯ standard deviation per group.
Statistical analysis of the data. The CFU data were normalized and evaluated by one-way analysis of variance followed by Dunnett's post hoc test (InStat; GraphPad, San Diego, Calif.). The Kruskal-Wallis test and one-way analysis of variance were used to compare antibody and cellular responses, respectively.
RESULTS
rBLS induces a vigorous humoral response. We examined the antibody response elicited by rBLS given alone or with different adjuvants. Mice were immunized with rBLS in the absence (BLS-PBS) or the presence of Al (BLS-Al), MPA (BLS-MPA), or IFA (BLS-IFA). Mice injected with PBS served as controls. The titers of anti-BLS immunoglobulin G (IgG) antibodies were measured by ELISA in sera from immunized mice. Immunization with BLS-PBS elicited an IgG response that was detectable at 15 days after the first immunization and increased after each injection to reach high titers (mean titer, 6,400) at 60 days postvaccination. These results indicate that BLS per se is a powerful immunogen that is able to induce high titers of specific antibodies, corroborating and extending the previous findings of Velikovsky et al. (34) . As expected, a remarkable increase in the antibody titers was observed when mice were immunized with rBLS in the presence of different adjuvants, with the BLS-IFA formulation being the most effective at inducing BLS-specific IgG antibodies (mean titer, 143,750) and the BLS-Al and BLS-MPA formulations being the next most effective (mean titers, 57,500 and 47,500, respectively).
Mice immunized with BLS-PBS elicited high titers of specific IgG1 and IgG2a antibodies. IgG1 titers predominated over IgG2a titers (Fig. 1 ). This subclass profile was constant during the whole immunization schedule in spite of the repeated injections given (data not shown). Immunization with BLS-IFA, BLS-Al, and BLS-MPA increased both IgG1 and IgG2a titers by at least an order of magnitude, but as with BLS-PBS, IgG1 titers were higher than IgG2a titers (Fig. 1) . These results indicate that mice immunized with BLS are prone to producing IgG1-specific antibodies and that different adjuvant formulations are unable to reverse this trend, even when the use of MPA as the adjuvant is able to preferentially induce IgG2a antibodies (25) .
Injection of rBLS plus adjuvant induces T-cell proliferation.
To evaluate the cellular immune response induced by the different immunization protocols, we tested the ability of spleen cells from PBS-, BLS-PBS-, BLS-IFA-, BLS-Al-, or BLS-MPAimmunized mice to proliferate in vitro with rBLS. Cells from mice injected with BLS-IFA, BLS-MPA, and BLS-Al showed a significant (P Ͻ 0.05) antigen-specific proliferative response (S.I. ϭ 5.81, 10.80, and 3.71, respectively) compared with splenocytes from PBS-immunized mice (S.I. ϭ 1.78) (Fig. 2) . In contrast, no significant response was detected in spleen cells from mice injected with BLS-PBS (S.I. ϭ 2.06). The differences in proliferative response were not due to differences in background responses, because the unstimulated (control) cultures did not differ significantly among the four groups (data not shown).
BLS induces a mixed Th1-Th2 cellular immune response. To get further information on the types of immune responses induced by the different immunization protocols, we used RT-PCR and ELISA to investigate cytokine gene expression and secretion in spleen cells from PBS-, BLS-PBS-, BLS-IFA-, BLS-Al-, or BLS-MPA-immunized mice. rBLS induced a significant (P Ͻ 0.05) up-regulation of the expression of the IL-2 gene in cells from BLS-IFA-, BLS-MPA-, and BLS-Al-immunized mice. No up-regulation was observed in cells from BLS-PBS-injected animals (Fig. 3) . Additionally, rBLS significantly (P Ͻ 0.05) induced the production of IFN-␥ in cells from BLS-IFA-, BLS-MPA-, and BLS-Al-immunized mice whereas an increase of this cytokine that was not significant was observed in culture supernatants of splenocytes from BLS-PBSimmunized mice. Similarly, cells from BLS-IFA-, BLS-MPA-, and BLS-Al-immunized mice secreted IL-10 when stimulated with rBLS while cells from BLS-PBS-immunized mice did not. IL-4 production was detected in supernatants from BLS-Aland BLS-MPA-immunized mice cells, whereas significant levels of this cytokine were not detected in culture supernatants of cells from BLS-PBS-or BLS-IFA-immunized animals (Fig. 3) .
In most cases, spontaneous cytokine production by unstimulated cells was below the detection limits. In spleen cells from PBS-immunized mice, the presence of rBLS did not induce gene transcription or cytokine production for any cytokine studied (Fig. 3) . In response to the presence of ConA, cells from all of the animals studied produced IL-2, IL-4, IL-10, and IFN-␥, with no significant differences among the groups (data not shown). The levels of cytokines produced in vitro by splenocytes from immunized mice were similar to those reported by others (2, 29) . Our results indicate that in spite of the intrinsic ability of BLS to induce a strong humoral response, this antigen is unable to elicit cell-mediated immune responses in the absence of adjuvants. They also show that once the cellular response is achieved, BLS induces a mixed Th1-Th2 response.
Different adjuvant formulations allow BLS to induce protection against Brucella infection. Protection experiments were carried out by challenging vaccinated and control mice by i.p. injection of B. abortus 544, and the level of infection was evaluated by measuring CFU levels in spleens and livers. Mice immunized with BLS-Al, BLS-MPA, or BLS-IFA had a significant (P Ͻ 0.01) degree of protection compared with control mice receiving PBS. The reductions in bacterial burden were similar among all adjuvants used and comparable to that obtained with the plasmid carrying the BLS gene. No reduction in the number of CFU was seen in animals injected with BLS-PBS compared to that seen with control animals ( Table 1) . When we determined CFU levels in the liver, we observed that mice injected with BLS-Al or BLS-IFA had a significant (P Ͻ 0.01) degree of protection. In contrast, animals injected with BLS-MPA had numbers of CFU in the liver similar to those seen with controls (Table 1 ). These results indicate that immunization with BLS plus adjuvants afforded a significant degree of protection against Brucella infection.
DISCUSSION
New strategies are sought to prevent brucellosis while avoiding the disadvantages of the currently used live vaccines. An attractive approach is the development of subunit vaccines. on January 19, 2015 by UNIVERSIDAD DE BUENOS AIRES http://iai.asm.org/ When these formulations are used, the induction of protective immunity against intracellular pathogens depends on the identification of adjuvants or delivery systems that can augment cell-mediated immune responses to the target antigen. In this study, we investigated the effects of different adjuvants on the immunogenicity and the protective efficacy of BLS, a promising candidate for a subunit vaccine against brucellosis (34) . We studied adjuvants such as Al and IFA, which induce a Th2dominated response, and MPA, which generates a Th1-type response (36) , that are widely used in commercial veterinary vaccines.
We detected antigen-specific production of Th1 cytokines (IL-2 and/or IFN-␥) and Th2 cytokines (IL-4 and/or IL-10) in spleen cells from BLS-IFA-, BLS-Al-, and BLS-MPA-immunized mice. This observation suggests that, independently of the adjuvant used, BLS is able to induce a mixed T-helper response. Likewise, while studying the influence of the antigenic form and the adjuvant type on the immune response, other investigators have obtained mixed Th1-Th2 responses (1, 16, 22) . These studies employed polymeric antigens such as viruses or virus-like particles. Braden et al. have determined previously by X-ray crystallography that BLS is polymeric (10) . This further supports the notion that polymeric antigens induce a mixed T-helper response that can be skewed towards a Independently of the formulation employed, mice immunized with BLS and adjuvants were protected against a virulent Brucella challenge. Protection was observed at the spleen and also at the liver, an important site for the control of Brucella infection by T-and B-cell-mediated defenses (14, 20) . From a practical point of view, an important conclusion can be drawn from our results. Hitherto, a wide variety of adjuvants have been used with the intention of boosting cell-mediated immunity responses elicited by different Brucella antigens (30) . However, practical acceptance of these preparations has been very limited, mainly because of the unacceptable local inflammatory reactions elicited by the adjuvant. The fact that BLS induces significant protection against virulent Brucella challenge independently of the formulation employed makes this antigen suitable to be used with adjuvants (such as Al) that do not affect the quality of the meat when administered to livestock or that elicit minimal local reactions for humans.
All the adjuvants employed elicited BLS-specific IL-10-producing cells. Although IL-10 can down-regulate protective immunity during primary B. abortus infection (17), the level of protection achieved in each treatment was similar to that obtained by injecting plasmid DNA which does not induce antigen-specific IL-10 production (34). Thus, it seems that the induction of IL-10 did not diminish the degree of protection against Brucella challenge, which is in agreement with results reported by Pasquali et al. (29) .
Another important feature of BLS per se is that it was able to induce a vigorous IgG response, with high titers of IgG1 as well as IgG2, in the absence of adjuvants. The structural characteristics of BLS could explain the strong B-cell response elicited when mice were immunized with rBLS. The polymeric nature of BLS (i.e., that of a repetitive and spatially ordered array of the same epitopes) would produce strong signal transduction mediated by B-cell receptors, as has been described previously for a study using haptens as model antigens (32) . In this sense, the three-dimensional structure of BLS shows that any given epitope would be presented at five different points separated from each other at a distance of about 50 Å (10). This analysis is in agreement with the previous proposal that the immune system has evolved to respond strongly to antigens with an epitope spacing of 50 to 100 Å , as typically found on microbial surfaces (5, 12) . In brucellosis, protection is dependent upon cell-mediated immunity (4, 13) and, under some conditions, upon the presence of antibodies specific to membrane proteins (9, 21) . Since BLS is a cytoplasmic antigen, the strong antibody response elicited with rBLS is irrelevant from the point of view of protection, as evidenced in mice immunized with BLS in the absence of adjuvants. Yet the high immunogenicity of BLS (due to the repetitiveness and order of surface epitopes) can be exploited to improve the immunogenicity of foreign epitopes, as has been described elsewhere (27) . Interestingly, X-ray structural studies of rBLS (6, 10) showed that is possible to insert foreign peptides at the amino terminus without disrupting its general folding. These peptides could be presented to the immune system in a polymeric way and in the context of a high specific immune response.
In conclusion, our results indicate that BLS could be a useful candidate for the development of subunit vaccines against bru-cellosis, since it elicits an antigen-specific cellular response, with production of IFN-␥ and protection, independently of the adjuvant formulation used. The results also demonstrate that BLS is a strong B immunogen which, due to its structural characteristics (6, 10) , could be used to engineer chimerical immunogens able to display predefined peptides on the same molecular scaffold.
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